1975.-Because of recent conflicting results, micropuncture studies were performed to clarify the respective role of the distal convoluted tubule and collecting duct in the regulation of urinary potassium excretion. Five groups of Sprague-Dawley rats were studied: group I, hydropenia (n = 10); group II, Ringer loading (n = 7) ; group III, acute KC1 loading (n = 6); group IV, mannitol diuresis (n = 6); group V, KC1 infusion during mannitol diuresis (n = 7). Early and late distal tubules were identified with intravenous injections of lissamine green. In each animal net secretion of potassium occurred along the distal convoluted tubule, and a direct relationship between distal tubular flow rate and potassium secretion was observed. The magnitude of potassium secretion at high distal tubular flow rates was dependent on the inodel studied. Potassium transport beyond the distal tubule was evaluated by comparing end distal potassium delivery and fractional potassium excretion. At low urinary flow rates net reabsorption was observed, whereas at higher flow rates no net transport occurred. Thus, flow rate along the collecting duct may be a major determinant of urinary potassium excretion. potassium secretory mechanism; potassium excretion; micropuncture
A tracheostomy was performed, and polyethylene catheters were placed in each jugular vein for infusions and in the femoral artery for blood pressure monitoring and withdrawal of blood samples. The left kidney was exposed through a left subcostal incision and gently dissected from the surrounding perirenal fat. The rats were prepared for micropuncture as previously described (19, 20) .
The aniinals were initially given 0.5 ml of a 10 % inulin solution dissolved in Ringer and then a maintenance infusion at a rate of .02 ml/min.
While the inulin was equilibrating, early and late distal tubular segments were localized with two to three intravenous injections of lissamine green (0.05 ml of a 10 % solution).
The validity of this method of localization has been previously demonstrated (19) . Further confirmation of this technique was also obtained in the present study (vida infra) . No puncture was obtained until at least 5, min after the last lissamine green injection and 1 h after the inulin infusion had been started. The tubules were punctured with sharpened pipettes with tip diameters varying from 6 to 8 pm diam. Only distal tubular samples were obtained in these studies. With the pipette tip positioned within the tubular lumen, a large column of mineral oil stained with Sudan black was injected into the tubule. After initial gentle aspiration to begin the collection, most of the samples were collected either spontaneously or with only occasional aspiration to maintain the oil column in a constant position. All tubular fluid collections were timed. The following experimental groups were studied :
Group I. Ten hydropenic rats received Ringer solution at an infusion rate of 0.02 ml/min throughout the study. Group II. Seven animals were volume expanded with 10 % body wt Ringer solution over 50-60 min. The infusion rate was then reduced to that of urinary flow, and distal collections and clearances were obtained.
In four of these studies, d-aldosterone, 20 pg/kg was given subcutaneously 2-3 h Tables 1 and 2 and the group Z data are summarized in Fig. 1 . Each value of all punctures obtained point represents the mean in either the early or late distal tubule in the respective experiment.
The mean total GFR was 1.10 ml/min, serum K concentration was 4.2 rneq/liter, and fractional K excretion was 11.6 %. In each experirnent, the TF/Pr, and TF/PK were less in the early than in the late distal tubule. The TF/Pr, increased from 4.97 to 13.3 (P < .OOl), and the TF/PK rose frorn .42 in the early distal tubule to 2.78 in the late segrnent (P < .OOl). Th e mean (TF/P)K/rn in the early distal tubule was 8.30 % of the filtered load and 21 .O % in the late distal tubule (P < .OOl). In neither this or any subsequent group was there overlap in this parameter between an early and late collection in a given experiment. There was a rnean absolute K secretion rate of 27 peq/min along the distal tubule (Table 2) .
In each of these 10 studies, fractional delivery of potassium to the late distal puncture site exceeded the fractional excretion of potassium, the mean values being 21 .O and 11.6 % of the filtered load of potassium, respectively, (P < .OOl). Using this comparison as an index of potassium transport beyond the distal tubule, 42.6 % of the potassium delivered to the late distal puncture site was reabsorbed along the collecting duct. Table 2 , net potassium secretion occurred along the distal tubule in each of the seven Ringer-loaded animals. The mean fractional delivery of K to the early and late distal sites were 15.5 and 37.8 %, respectively (P < .OOl). Absolute K delivery to the late distal tubule (93.1 peq/min) was significantly greater than that to the early distal tubule (37.5 peq/min) (P < .OOl). Unlike the hydropenic animals, however, the volumeexpanded rats demonstrated no significant differences between late distal delivery and fractional excretion of K, the mean values being virtually identical, 37.8 vs. 37.2 % of the filtered load. There was no discernible difference between the aldosterone-treated and the nontreated rats. Group ZZZ (acute ZW loading). In this group of studies, the plasma K was 6.9 meq/liter, a value significantly greater than in groups I, ZZ, and IV (P < .OOl for each along the collecting duct. Group IV (mannitol loading). In all six animals studied during mannitol diuresis, significant secretion of potassium was observed along the distal tubule. As shown in Fig. 4 and Table 2, fractional delivery of potassium to the late distal tubule exceeded early distal delivery in each study (43.1 vs. 17.6 %) (P < .OOl). Likewise, absolute potassium delivery to the early and late segments were also significantlv different, 30.2 and 78.9 peo/min. respectively (P <' .OOl).
In five of greater than tion of K be experiment.
the six studies, late distal delivery was slightly the fractional excretion of K, whereas net addi-:yond the distal tubule was noted in the other Group V (mannitol -I-KCI loading). In these studies, serum K averaged 6.1 meq/liter, a value significantly greater than in groups I, ZZ, and IV (P < .OOl for all values). As is shown in Fig. 5 Table  2.   10  15  20  20  39  90  44 95 --to the early distal tubule averaged 16.1 and 33.9 peq/min, respectively, whereas the same parameters were 54.4 % and 127.5 peq/min at the end of the distal tubule. Both of these latter values were significantly greater than the respective early distal tubular value (P < .OOl for both). On the other hand, no significant difference was noted between the fraction of the filtered potassium reaching the late distal tubule and that appearing in the final urine (54.4 and 54.5 %). To further verify the localization technique utilized in this study, two experiments were performed with the group ZZZ protocol (acute KC1 loading) in which microdissection was also done. As is shown in Table 3 , the four puncture sites thought to be in the early portion of the distal tubule according to the lissamine green technique were localized to the first lo-20 % of the segment by microdissection and had a markedly lower TF/P, and TF/Pr, ratio than the three puncture sites which were in the last 20 % of the distal tubule and were defined as late segments with the transit time method.
DISCUSSION
Distal tubular potassium transport. In all five groups of animals, potassium secretion occurred along the distal tubule ( (1) is not clear. In only one other study has net secretion of potassium along the distal tubule not been noted in the normal rat (13), and in this group of animals, it has been suggested that potassium deficiency may have been present (9). Thus, it would seem that in the rat, distal tubular potassium secretion is generally noted. It is possible that the findings in the two disparate reports (1, 13) are due to unique transport characteristics of the specific group of rats under study. It must be noted, however, from the results of the present study and others (17, 18, 23 ) that net addition of potassium along the distal tubule can usually be found in Sprague-Dawley rats. Recent work by Giebisch (6) and Kunau and associates (23) have suggested that potassium secretion along the distal tubule may be flow dependent.
To further define the factors involved in the regulation of distal tubular potassium secretion in the various models evaluated in the present study, potassium secretion along the distal tubule was plotted as a function of late distal tubular flow rate (Fig. 6 ). Several points are worthy of consideration.
First, when analyzed by groups, a significant linear relationship was found only in the group ZZ (Ringer) studies (y = 2.7x + 10.9, Y = .90, P < .OOl). Second, there was seemingly a clear differentiation between the Ringer group and the data points of the remaining four experimental models (Fig. 6) . In fact, when the individual values for groups Z, ZZZ, IV, and V are combined, a highly significant linear relationship was obtained (Y = 7.1x + 9.8, r = .85, P < ,001 ), and the slope of this line was significantly different from that in the Ringer group (P < .Ol ). This finding is related to the markedly decreased late distal (TF/P)K ratio in the group ZZ (Ringer) studies when compared to the other four groups ( (y = 7.1~ + 9.8;~ = .85; P < .OOl). A separate linear relationship was present in Ringer studies (y = 2.7x + 10.9; Y = 90; P < .OOl). Slopes of these 2 lines were different at P < .Ol level.
increased with mannitol or in Ringer-loaded animals pretreated with KCl, no change in the (TF/P)K ratio was noted. Taken together with the present findings (Fig. S) , a number of interpretations are possible. First, if a consideration is given to the apparent difference between the line defining the group ZZ studies and the remaining four experimental models, one could suggest that extracellular volume expansion in some manner decreases potassium secretion along the distal tubule. Alternatively, if one only considers the experimental groups in which KC1 was not given (groups I, ZZ, and IV), potassium secretion seems to rise only modestly at flow rates above 6-7 nl/min when compared with groups ZZZ and V in which KC1 was administered.
It may be, therefore, that the administration of KC1 with elevation of the serum potassium concentration also affects the relationship between flow rate and potassium secretion. In evaluation of the three groups that did not receive KC1 (groups Z, ZZ, and IV), however, differences are still present. Combining group Z I (hydropenia) and ZV (mannitol), a linear relationship is present (y = 5.98x + 9, r = .83, P < ,001) in which the slope is significantly different from that of the Ringer group (P < .OOl). These findings must be interpreted with caution, however, because of the differences in tubular flow rate between groups. In any case, these data clearly indicate a relationship between tubular flow rate and distal tubular potassium secretion and suggest that acute KC1 loading and possibly extracellular volume expansion may affect this relationship.
Collecting duct potassium transport. (7) found with the in vitro microperfusion method that net potassium secretion could occur in the rabbit cortical collecting tubule. It is possible, therefore, that the differences in potassium transport beyond the distal tubule noted in these five groups of experiments is due to varying directional changes in cortical and/or medullary potassium transport. Since Grantham and his co-workers (7) found a relationship between sodium delivery and potassium direct secretion in the cortical collecting tubule, it might be possible that the results in groups ZZ (Ringer) and V (mannitol and KCI), in which no net transport of potassium was observed, were due in part to enhanced secretion along this segment secondary to increased sodium delivery.
Absolute sodium delivery to the late distal tubule, however, was significantly greater in the acute KC1 studies (group ZZZ) (291 zt 42 peq/min) than in those animals given mannitol + KC1 (group v> (137 It 30 peq/min; P < .OZ). Sodium reabsorption beyond the distal tubule was also greater in the KC1 studies, since fractional sodium excretion was lower in the group ZZZ studies, 20 vs. .75 % in group V animals (P < .05). In fact, in the KC1 studies, both sodium (4.25 % of the filtered load) and potassium reabsorption (22.4 % of the filtered load) were greater beyond the distal tubule than in any of the other four groups. Thus, it is difficult to reconcile these results on the basis of either sodium delivery to the collecting duct or reabsorption along this segment. It is possible that alterations in the transepithelial potential difference (PD) along the sponsible for the variable than these studies. Laurence and Marsh (8), in fact, have found that the PD will increase from -3 mV (lumen negative) in hydropenia to -12 mV after mannitol. Thus, the change in PD after mannitol may lead to enhanced potassium entry into the lumen and decreased net transport.
Yet, as recently stated by Diezi et al. (4) , the measurement of transepithelial PD in the papillary region is fraught with a number of technical problems, and the data should be interpreted with caution.
As shown in Tables 1 and 2 . both end-distal and urinary flow rate were markedly increased in groups ZZ (Ringer) and V (mannitol + KCl) rats, the two models that did not demonstrate any net potassium transport beyond the distal tubule.
Even though end-distal flow rate was similar in groups ZZZ (KCl) and ZV (mannitol), the mean flow rate along the entire collecting duct must have been increased in group ZV, since urinary flow was U-fold greater in this group. Since groups ZZ and V had no net transport of potassium along the collecting duct and this parameter was less in group IV than in either group Z (hydropenia) or ZZZ (KCl), it seemed possible, therefore, that flow rate along the collecting duct might be a determinant of potassium movement in this nephron segment This is demonstrated by the hyperbolic relationship between fractional collecting duct potassium reabsorption 1 -(TF/P)K,rnLJ/FEK X 100 and urinary flow rate (Fig. 7) . At flow rates less than 60 pl/min, net potassium reabsorption was found in all studies while at higher flow rates no consistent net transport occurred. In fact, over 20 % of the filtered load was reabsorbed in the potassium loading studies (group ZZZ) when urinary flow rate averaged 5 pl/min.
In contrast, in the group V (mannitol + KCl) studies where end-distal delivery of potassium was even greater than in group ZZZ, there was no net potassium reabsorption beyond the distal tubule at a rnean urinary flow rate of 120 pl/min.
The effect of flow rate on potassium transport along the collecting duct may be due to at least two factors. First, the greater contact time with the tubular epithelium at low flow rates may contribute in some manner to greater net reabsorption.
Second, the effect of flow rate on the change in potassium concentration within the collecting duct fluid may be of importance.
For example, in the acute KClloading studies (group ZZZ), the potassium concentration in the final urine averaged 208 meq/liter. At the observed end-distal potassium delivery (36 % of the filtered load) and urinary flow rate (5 pl/min), the urinary potassium concentration would have to reach approximately 1,500 meq/liter for net transport of potassium along the collecting duct to be zero. In contrast, in the group ZZ (Ringer) and V (mannito1 + KCl) studies, no net transport of potassium occurred at flow rates (176 and 120 pl/min) where the urinary potassium concentrations were only 14 and 30 meq/liter, respectively. Thus, the reabsorption of water at low collecting duct flow rates will eventually increase tubular fluid potassium concentration to a level where diffusion into cells will presumably occur and potassium transport into the lumen will be impaired.
This would not occur at high urinary flow rates.
Thus, although changes in PD or other parameters may be of importance in the regulation of potassium transport in the collecting duct, the present studies indicate that flow rate per se is also an important determinant. These findings may also be relevant to the kaliuresis seen after diuretic therapy and the recently reported potassium wasting state in rats with hereditary hypothalamic diabetes insipidus (16).
